Abstract
Introduction
Multiple hospital admissions have rarely been studied, particularly in Brazil. Unnecessary rehospitalization means unnecessary costs for the social security system and undue risks for patients. In this paper, four different survival models were applied to analyze time between successive admissions, in order to identify associated risk factors.
Hospital readmission can be defined as patient admission to a hospital within a certain period after discharge from the same hospital 1 . The time span varied in the literature from thirty days 2 to several years 3 . Early readmission can be used as a marker for premature discharge and other problems related to the quality of hospital care. Longer time intervals are more often related to chronic diseases, socioeconomic conditions, and limited access to outpatient care.
Heavy users of hospital services are characterized by a pattern of repeated admissions 4, 5 . In the United States, a minority of Medicare users (5.0%) is responsible for a majority of admission days (55.0%) and hospital expenses (62.0%) 6 . Between 1974 and 1977, nearly 22 .0% of Medicare discharges were followed by readmission within sixty days 7 , a situation also described in Canada 8 . In Brazil, heavy use of hospital services was associated with health needs, socioeconomic and enabling factors such as health insurance coverage, and availability of a regular health service 9 .
After a first admission, a patient can be readmitted for a different acute disease or for a planned intervention. Alternatively, readmission to treat the same initial disease can be related to low effectiveness of hospital care, inadequate out-patient care after discharge, or the disease itself, whether chronic or terminal. Finally, some readmissions are unnecessary, based on reasons other than clinical need.
The following factors are associated with readmissions: (i) individual characteristicsage, sex, marital status, education, occupation, and income; (ii) clinical aspects -type and severity of the disease; (iii) health services supply characteristics -hospital type and patterns of medical practice; and (iv) place of residence and health care access. The relative weight of each factor is decisive for defining admission priorities in public hospitals. If such factors are clinically justified, to dissuade re-hospitalization can be harmful. On the other hand, if readmissions are related to social factors or hospital characteristics, clinically superior and more cost-effective alternatives can be encouraged 2 .
In several studies in the United States 1,2,6,7, 10,11,12 , using different methods and time limits, the individual characteristics associated with readmission were: age, male sex, nonwhite race, widow(er) or single marital status, living alone or in a home or institution for the elderly, and having supplemental Medicaid coverage. Health needs factors identified were: poor self-rated health status, poor mental status, low life-satisfaction index, functional disability, two or more chronic diseases, associated psychiatric disease and a history of coronary disease, more than six consultations, or diabetes in the last year. Characteristics associated with the previous admission were: initial treatment in the emergency department before admission, more severe disease as the principal diagnosis, history of two or more surgical procedures, discharge from a geriatric or intermediate care unit, and diagnosis of chronic disease. Considering the supply of hospital services, readmissions were associated with previous admissions to hospitals with fewer than a hundred beds and greater distance between place of residence and the hospital.
The effect of length of stay on readmission rates is complex: in some studies, shorter length of stay was associated with an increase in the readmission rate 13, 14 and long-term need for home care 15 . Other studies found that extended length of stay was associated with a higher readmission risk for surgical patients 16 , in this case longer periods indicating greater disease severity.
Planning the supply of hospital services and the need to optimize health care systems' resources are of great relevance in health services research. In this paper, different strategies to model time between admissions were compared, aimed at detecting individual and previous hospitalization characteristics associated with increased risk of readmission to a general hospital in the city of Betim, Minas Gerais, Brazil.
Methodology Data
Data for all patients admitted to the Betim Regional Public Hospital from July 1996 to June 2000 were obtained from the Brazilian Hospital Admissions Information System. This system, designed for payment purposes, contains data on all patients whose hospitalizations are covered by public funding and is updated monthly. The public health care system in Brazil, known as the Unified National Health System (SUS), is based on universal and publicly funded access to health care. Nearly 70.0% of the population uses SUS services regularly; the other 30.0% uses it only occasionally and generally for more complex or expensive services. The Betim Regional Public Hospital is a general hospital with 270 beds and is the only public general hospital in Betim. Betim is located in the greater metropolitan area of Belo Horizonte, the capital of Minas Gerais State, Brazil, and had 285,522 inhabitants in 1998 (http:// www.datasus.gov.br, accessed on 12/Jan/2002).
The data set showed 47,638 hospital admissions corresponding to 38,696 individuals, varying from 1 to 19 admissions each. Each patient was identified in the hospital data set by a unique patient number, so all admissions of a same patient were already linked. Hospitalizations were analyzed using a chronological structure. All admissions following the first one were considered readmissions, regardless of the time interval. In order to limit the analysis to clinical and surgical patients, 11,062 patients with admissions to the obstetric ward only were excluded. We also excluded 1,436 individuals who died during the first hospitalization. The re-maining 31,648 admissions of 26,198 patients were divided into two groups: adults and children. The first group included 21,416 admissions of 17,096 patients over 14 years of age old at the date of the first admission, and the second consisted of 10,232 admissions of 9,102 children up to 14 years old at the date of the first admission.
Time until readmission or censoring by death or end of the observation period was modeled, using the following independent covariates: sex, age, length of stay during the previous hospitalization, death during the subsequent hospitalization (for adults), medical specialty, and diagnosis on previous admission.
According to the Brazilian Ministry of Health guidelines, the main diagnosis for each admission was coded using the 9 th Revision of the International Classification of Diseases (ICD-9) 17 from 1996 and 1998 and the 10 th Revision (ICD-10) 18 thereafter. To include this important covariate in the models, different approaches were tested. The most common one, grouping diagnoses in chapters, was considered too nonspecific for the readmission problem. On the other hand, the ICD three-digit groups were too numerous. Therefore, in order to incorporate the principal diagnosis in a meaningful way, admissions were classified as follows (see Castro et al. 19 for more details):
• an equivalence table between ICD-9 and ICD-10 was used, considering three-digit groups of both classifications (141 groups for ICD-9 and 234 groups for ICD-10);
• groups with fewer cases were combined as long as clinical coherence concerning readmission risk was maintained, resulting in 33 groups; • a Cox proportional hazards model 20 was fitted, considering only time to first readmission for adults and children as a guide to the next step: groups with fewer than a hundred patients were combined with another group from the same ICD chapter if the hazard ratios (HR) for both groups were in the same direction and of similar magnitude. Otherwise, groups with different or non-significant hazard ratios, together with the groups "symptoms, signs, and ill-defined conditions", and "factors influencing contact with health services" were combined in a group called "others". At the end of this process we had 26 diagnostic groups for adults and 19 for children, used as categorical variables for modeling; • the reference groups chosen were "diseases of the appendix" for adults and "hernias" for children, both with small readmission risk according to clinical criteria.
Survival models
The models fitted were: (i) the classical Cox proportional hazards model using only time to first readmission; (ii) two different proposals for marginal models, the Andersen-Gill (AG) and the Prentice, Williams, and Peterson (PWP) models; and (iii) a random effects model, referred to as a frailty model in survival analysis 21 . A Poisson linear model was also fitted to the total number of readmissions, for comparative purposes.
The AG model, also called an independent increments model, is recommended to model mutually independent observations of each individual. In this case, counts of events in distinct time intervals are independent, given the covariates. No extra strata are induced by the multiple events; the use of strata is based on the same considerations as for an ordinary single-event model.
In the PWP or "conditional" model, the individuals are at risk of the k-th event only if they presented the (k-1)-th event. Unlike the AG model, each event belongs to a different and ordered stratum (first readmission, second readmission, and so on). The use of time-dependent strata means that the underlying intensity function can vary from event to event, whereas in the AG model the probability of any event is identical.
In survival analysis, frailty models associate a random effect for each individual in order to account for effects of over-dispersion, possibly due to unmeasured covariates. The random effect can be thought of as a frailty, increasing individual susceptibility to readmission when it is large and decreasing susceptibility when it is small.
Considering that readmissions are not mutually independent observations and that they are ordered events, in theory, as explained above, the most appropriate model would be the conditional one. Given the absence of important covariates like clinical characteristics, the frailty model is another good choice, as will be highlighted in the discussion. The other models were adjusted for comparative purposes.
All models are fitted using a counting process notation as described in Therneau & Grambsh 21 , and the data set was prepared accordingly. The main difference vis-à-vis the more common notation is that an indicator for the start and end of each interval between admissions is used instead of just the time span. It should be noted that this maintains the calendar time flow, eliminating the artificial increase in the risk set at the beginning of the study period that would occur if all observations were brought to a theoretical time zero. The assumption of proportionality of risks was assessed using Schoenfeld's residuals analysis 21 . For all variables, the assumption of proportionality of risks was confirmed. We used the public domain statistical package R 22 .
Results
Nearly one fifth (18.0%) of all admissions were readmissions, and 15.0% of patients had at least one readmission. All patients were Brazilian, from the State of Minas Gerais; 62.0% were women and 80.0% were Betim residents. Surgery and obstetrics wards admitted 28.0% of patients each, and internal medicine and pediatrics 27.0% and 17.0% respectively. Only the main diagnosis was recorded in approximately 80.0% of admissions.
In adults, median time until readmission was one year and two months. Kaplan-Meier plots to illustrate the effect of each variable are shown in Figure 1 , with group definitions provided in the legends and group sizes and median times shown in Table 1 . Log-rank tests for survival differences were all highly significant (p < 0.000), as expected in such a large data set. Time between admissions was inversely related to the number of previous admissions and to hospital length of stay in the preceding admission. Patient death often followed a short interval between admissions. These findings characterize a subgroup of heavy users of hospital services. Admission to the obstetric ward presented the smallest median time interval between admissions, because only obstetric cases with admissions to other medical specialties remained in the data set. The groups with shorter median time interval between admissions were "renal failure" (80 days) and "liver diseases" (216 days).
In children, the median global time to readmission was one year and four months. Kaplan-Meier plots are shown in Figure 2 , and group sizes and median times in Table 2 . Except for sex, log-rank tests for survival differences were also all highly significant (p < 0.000). The 10-to-14-year age group had the shortest median time interval. The associations between readmission numbers, length of stay, and median times were less clear than for adults, suggesting that children were readmitted to treat acute disease episodes that were not interrelated. Death followed short time intervals after previous admission. However, the small number of deaths in children precluded including this variable in the multivariate models. Admissions to the surgical ward and for "eye, ear, and mastoid process diseases" had the shortest median times. Table 3 shows the estimates for the adult model. Compared to both PWP and frailty models, in general, the coefficients were smaller for all variables when fitting the Poisson model, and larger using the AG model. Estimated variance of the random effect in the frailty model was 1.51, strongly indicating the presence of individual variability in readmission risk not explained by the covariates included in the model.
For an increment of one year in age, there was an increase of about 1.0% in the risk of readmission. Each additional day in length of stay during the previous admission led to an increase of 1.0 to 1.5% in risk. The most important factor associated with repeated admissions was death in the final admission, with a HR above 10 in all models. Obstetrics, internal medicine, and pediatrics specialties had a greater risk than surgery. It is worth mentioning that individuals over 14 years old with admissions to the pediatric unit are probably those with chronic health problems beginning in childhood. In the frailty model, the effect of admission to the obstetric ward lost significance, suggesting the possible influence of unmeasured covariates related to admissions to this medical specialty.
In the PWP model, when compared to "diseases of the appendix", the groups with HR greater than 2 were: "liver diseases" (2.44), "diseases of the gallbladder, bile ducts and pancreas" (2.02), "renal failure" (4.06), "complications of pregnancy, childbirth, and the puerperium" (3.53), and "diseases of skin and subcutaneous tissue" (2.20) . Four groups were significant in the PWP model but not in the frailty model: "blood, blood-forming organs, and immunity disorders", "diseases of the urinary system", "neoplasms", and "nervous system diseases". The explanation may be related to the effect of unmeasured covariates associated with these causes of hospitalization, better expressed by the random effects model. Table 4 shows the estimated effects of covariates for children. Both the Poisson and AG models presented the same behavior as with the adult data set: smaller coefficients for the Poisson and larger for the AG, even more than for adults, almost doubling the HR for some covariates. The variance of the random effects model was 6.07, suggesting that individual frailty was even greater for children than for adults.
Readmission risk is greater for younger children: for an increment of one year in age there was a decrease of 3.0 to 6.0% in risk. An increment of one day in previous length of stay was associated with an increase of about 1.5% in readmission risk. Pediatrics specialty had a protective effect according to the Cox and AG models.
In general, the estimated coefficients for the ICD groups were greater for children than for adults. In the PWP model, compared to "hernias", groups with an HR that was significant and greater than 2 were: "blood, blood-forming organs, and immunity disorders" (5.13), "diseases of the appendix" (2.23), "intestinal and peritoneal diseases" (2.12), "nervous system diseases" (4.73), "eye, ear, and mastoid process diseases" (4.17), "circulatory diseases" (2.61), "acute respiratory diseases" (2.08), "chronic lower respiratory diseases" (2.67), "male genital diseases" (2.09), "congenital anomalies" (4.34), and "other diseases" (2.06). This last group includes "neoplasms", "endocrine, nutritional and metabolic diseases", "female genital diseases", "renal failure", "complications of pregnancy, childbirth and the puerperium", "symptoms, signs, and ill-defined conditions", "factors influencing contact with health services", and "unknown causes". All significant ICD groups in the PWP model remained significant in the frailty model. However, three groups -"diseases of the appendix", "eye, ear, and mastoid process diseases", and "congenital anomalies" -had their coefficients markedly increased in the frailty model, again expressing the importance of individual characteristics in explaining readmissions for patients previously admitted with those diagnoses.
Discussion
It is important to study hospital readmissions, due to the high levels of hospital costs, especially in countries with limited available public budget funds for health care, such as Brazil and other Kaplan-Meier plots for sex, age (in years), number of admissions, length of stay (in days), and medical specialty -children. developing nations. In addition, since the public health system in Brazil -called SUS -guarantees universal access to hospital care for those who need it, assessment of hospital use is crucial. All models tested in our study displayed similar behaviors, with HRs that were significant and pointing in the same direction, due in part to the robustness of the large data set. The most dissimilar results came from the Poisson model, with smaller coefficients, showing the effect of not using the time to event information in the analysis of readmission data. The larger coefficients estimated by the AG model were expected, induced by the conceptual limits of this model for grasping the correlation structure of observations, since it does not treat the admissions in ordered strata.
For adults, the results of the Cox model using only the first readmission were closer to the PWP and frailty models, suggesting that in this particular case the profiles of the first readmissions were similar to those of subsequent ones. In children, the Cox model results were similar to the AG ones, suggesting that the first readmission's profile is different from that of subsequent ones. The similar results of the PWP and frailty models reinforced our previous idea that both models were appropriate for the analysis of hospital readmissions.
Considering the appropriateness and similar results of the PWP and frailty models, both should be explored when modeling re-hospitalization. The PWP model is the best approach if clinical variables are available, since they are important to explain readmission risk. Otherwise, we suggest the use of the frailty model, since it allows for unmeasured individual characteristics. The AG model is not appropriate for the analysis of ordered repeated events, and in fact our analysis confirmed this inadequacy. Neither is the Cox model for the first readmission only indicated for this problem, unless there is evidence that discarding subsequent readmissions would not affect results. In general, the models for children presented a worse fit. Although the smaller data set can be a possible explanation, readmissions in this age group are presumably not as predictable as for adults.
For both adults and children, readmissions were associated with severity of disease, indirectly measured through death occurring in the final hospitalization and length of stay in the immediately previous one. Death in the final admission can not be used for prediction purposes in a readmission model because it is only available for analysis after its occurrence and after all admissions of a patient had also occurred. Unfortunately it was not possible to control for co-morbidities, as in Martins et al. 23 , because secondary diagnosis was not filled out in 80.0% of the records. The inclusion of socioeconomic variables would also help understand other determinants of readmission. As there is no such information in the data set, place of residence could be a proxy for individual socioeconomic level 24, 25 . In addition, geographic access and distance from home to hospital could be analyzed as well, although geocoding of addresses can be a problem in deprived areas of Brazil. Besides, the addition of spatial effects in survival models is still not a standard technique. Analysis of the cause of hospital admission posed another challenge. An initial attempt to work with ICD chapters was abandoned because this classification added no meaningful information to the analysis of readmissions. The ICD groups created on the basis of clinical experience, peculiarities of the data set, and exploratory survival modeling were adequate for our purposes.
The selection bias originated by the exclusion of patients with admissions exclusively to obstetrics wards favored the more severely ill obstetric patients who were also admitted to other wards. The results reflected this choice, as expected, but the alternative of excluding all obstetrics admissions was not considered appropriate, since part of the admissions history of many patients would be incomplete. On the other hand, to include patients with admissions only related to obstetrics would not help understand the readmissions problem, since it would be related to normal pregnancy and childbirth.
Except for obstetrics admissions, more than half (53.0%) of the publicly funded admissions of Betim inhabitants in 1998 and 66.0% of all hospital deaths occurred in the Betim Regional Public Hospital 26 , emphasizing not only this public hospital's fundamental role in the city, but also the fact that its patients presented more severe diseases. Therefore, they could be more prone to readmissions than patients admitted to other hospitals.
The Hospital Information System is not prepared either to link registries of different admissions of the same patient or to link them with the Mortality Information System. It was only possible to follow each patient along all admissions in the Betim Regional Public Hospital using local identifiers. Therefore, our working hypothesis was that the patients were not admitted to other hospi- tals until the end of the observation period. This approach was considered adequate, since the hospital studied is the only public general hospital in Betim. The city has only three other hospitals: a public maternity hospital, a lowcomplexity hospital which serves a specific and closed community, and a small private hospital which is used by a small fraction of the population. In addition, the Municipal Public Health System was very well organized at the time, and patients tended to remain with the same hospital, particularly those that needed multiple admissions. Besides, as the data set was large, with 38 thousand patients and 47 thousand admissions, the results proved very robust and the inclusion of more admissions would not in fact have significantly influenced results. The same approach was used with other censoring situations, particularly deaths that occurred outside the Betim Regional Public Hospital.
The linkage of different databases is a complex operation 27 . The implementation of a system that supplies information on all individual admissions, regardless of the health event, is under evaluation in Brazil. This system will spare several complex phases of database preparation, thereby facilitating the use of this kind of analysis by health services managers and policymakers. It will also allow taking the effect of different hospitals into account, through the introduction of a random effect related to the hospital, in addition to individual effects.
The methodologies presented in this paper are remarkably useful in health services research, helping to identify problems related to quality of information or services, and to establish priorities among diagnostic groups that are heavily associated with readmission, for purposes of more in-depth investigation. It is important to remember that any program designed to prevent readmission must distinguish between avoidable and necessary readmissions, identifying situations in which impeding re-hospitalization would be harmful to the patient.
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